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a b s t r a c t 
This paper investigates the integration of geothermal storage into state-of-the-art CO 2 trans-critical 
booster systems. The objective is to evaluate the impact of this integration on energy efficiency. Three 
scenarios of integration are studied including stand-alone and integrated supermarket building systems. 
The results show that for a stand-alone average size supermarket, heat recovery from the CO 2 system 
should be prioritized over a separate ground source heat pump. Extracting heat from the ground by an 
extra evaporator in the CO 2 system has also little impact on this supermarket annual energy use. How- 
ever, in the case of supermarket integration with a neighboring building where the supermarket provides 
heat to the neighbor, geothermal storage integration can reduce the total annual running cost of the two 
non-integrated buildings by 20–30% with a payback time of less than 3.5 years. The results also show 
there is no need for a separate ground source heat pump. 
© 2019 Elsevier Ltd and IIR. All rights reserved. 
Intégration du stockage géothermique dans le système frigorifique au CO 2 d’un 
supermarché






























Supermarkets are the most energy intensive commercial build-
ngs where the refrigeration system is their largest energy user
 Karampour et al., 2016 ). Supermarkets are also the largest con-
umers in Europe of high global warming potential (GWP) refriger-
nts; about 35% of Europe hydrofluorocarbons (HFC) consumption
 SKM Enviros, 2012 ). The latter resulted in adopting the EU F-gas
egulation; the European supermarkets are banned to use any re-
rigerant with GWP higher than 150 for centralized systems larger
han 40 kW from year 2022, with exception for primary cycle in
ascade configurations to use refrigerants with GWP up to 1500
 EU 517/2014, 2014 ). ∗ Corresponding author. 
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refrigeration system, International Journal of Refrigeration, https://doi.oThese two factors place environmentally-friendly and energy-
fficient supermarket refrigeration solutions as one of the prior-
ties on climate change mitigation policies. CO 2 trans-critical re-
rigeration systems for supermarkets are viewed as a solution that
re more environmentally-friendly and more/as efficient as ad-
anced conventional solutions ( Gullo et al., 2018a ; Karampour and
awalha, 2018 ); therefore, they have been introduced, installed,
nd spread in mainly the relatively cold regions of Europe and
he world with more than 20,0 0 0 systems as of November 2018
 Ska ̌canová, 2018 ). 
CO 2 refrigeration systems have become standard in some rela-
ively cold climate countries. Integrating other thermal functions,
ncluding space/water heating, and air conditioning, and their per-
ormance in warmer climates have been subject to research and
ptimization. The latter is due to the fact that standard CO 2 sys-
ems loses efficiency more rapidly than other conventional HFC
ycles in warm climates. Various modifications to increase the et al., Geothermal storage integration into a supermarket’s CO2 
rg/10.1016/j.ijrefrig.2019.05.026 
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m  Nomenclature 
AC Air Conditioning 
AEU Annual Energy Use 
COP Coefficient of performance 
DH District heating 
EED Earth Energy Designer 
El Electricity 
EES Engineering Equation Solver 
GSHP Ground source heat pump 
GWP Global warming potential 
HFC Hydrofluorocarbons 
HP Heat pump 
HR Heat recovery 
LT Low temperature level 
MT Medium temperature level 
NPV Net present value 
PC Parallel compression 






a coefficient for compressor efficiency 
AEU annual energy use, MWh 
b coefficient for compressor efficiency 
c coefficient for compressor efficiency 
COP coefficient of performance 
f frequency of operation, h 
˙ E electric power, kW 
h enthalpy per unit mass, kJ kg −1 
˙ m mass flow rate, kg s −1 
n number of temperature-bins 
P pressure, bar 
Q cooling or heating energy, MWh 
˙ Q cooling or heating load, kW 
T temperature, °C 
Greek variables 
 difference 
η efficiency of compressor 
Subscripts 





ex heat extraction 
f secondary fluid 
fan gas cooler/condenser fans 
fc floating condensing 
gc gas cooler 
gc exit gas cooler exit 
GEO geothermal, geothermal storage 
HR heat recovery 
is isentropic 
LT low temperature level 
MT medium temperature level 
opt optimal 
PC parallel compression 
max maximum 
rec receiver t  
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tot total 
nergy efficiency of CO 2 systems have been evaluated by re-
earchers ( Gullo et al., 2018a 2018b ; Hafner and Banasiak; 2016 ,
lopis et al., 2015 ; Javerschek et al., 2016 ; Minetto et al., 2014a ;
arampour and Sawalha, 2017 ; Pardiñas et al., 2018 ; Purohit et al.,
018 ). Based on evaluation and review of these modifications, the
efinition of the state-of-the-art (SotA) CO 2 system has been in-
roduced ( Karampour and Sawalha, 2018 ). This CO 2 SotA system is
resented in Section 2 . 
A potential improvement, which was not covered in the au-
hors’ previous research and is less studied comprehensively in the
iterature to the best of authors’ knowledge is the integration of
eothermal storage into the CO 2 state-of-the-art (SotA) system. The
otential advantage of this integration is that the ground can be
sed as a heat sink to provide sub-cooling for the CO 2 system in
ummer and as a heat source in the winter for the heat pumping
unction of the CO 2 refrigeration system or via a separate Ground
ource Heat Pump (GSHP). 
Geothermal storage has good complementary characteristics
ith the CO 2 refrigeration system function. It is a well-known fact
hat CO 2 system efficiency drops more rapidly than other conven-
ional refrigerants at high ambient temperatures. This efficiency re-
uction has been shown in a field performance analysis of CO 2 and
FC systems ( Sawalha et al., 2017 ). The ground is typically colder
han the ambient air in these time periods; therefore, it can be
sed as a heat sink for sub-cooling of the CO 2 refrigeration sys-
em and thereby increase system efficiency. In winter, the cooling
emand of the supermarket decreases typically to 50% or less of
he average summer demand ( Polzot et al., 2017 ; Karampour and
awalha, 2017 ; Freléchox, 2009 ). This means that about half or
ore of the compressors’ installed capacity is not used in winter
ime. This unused capacity can be applied to extract heat from the
round and provide heating either for the supermarket or a neigh-
oring facility. Heat extraction during the winter cools the ground
nd prepares it for the following summer season sub-cooling. 
The literature on the concept of geothermal storage integration
nto supermarket energy systems can be classified into two cate-
ories: (1) a major number of oral and written publications present
he concept design with less deeper study on the geothermal inte-
ration impact. (2) Few publications evaluate the energy efficiency
mpact of this integration more in detail. 
Of the first category, a number of supermarkets using
eothermal storage have been introduced in a review of eco-
riendly supermarkets ( Karampour et al., 2016 ). Some examples of
wedish supermarkets applying this technology and the lack of
roper/adequate measurements for detailed studies are presented
nd discussed by Mateu-Royo (2017) . The design concept of inte-
rating various energy systems in a supermarket and taking advan-
age of ground storage is also presented by Hafner et al. (2014) . In
 Norwegian Rema 10 0 0 supermarket four boreholes each 170 m
eep have been installed to sub-cool a CO 2 system, and provide
ree cooling for air conditioning and de-humidification in summer.
he stored heat is extracted and used for various heating demands
n winter. This extra heat source for the CO 2 system has made
he supermarket independent of any auxiliary heating supply. The
round storage is mentioned as one the reasons the electricity use
s 30% lower compared to four other similar supermarkets ( Sintef,
016 ). 
Of the more detailed studies, Rehault and Kalz (2012) evaluated
he impacts of geothermal storage integration in a German super-
arket using a CO 2 trans-critical booster system. The supermarket
argeted a 30% energy reduction compared to the average energy et al., Geothermal storage integration into a supermarket’s CO2 
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Fig. 1. Schematic of a SotA CO 2 booster system (black) and integrated geothermal storage (green). (For interpretation of the references to color in this figure legend, the 
























































s  se of 300 benchmarked German supermarkets. Among other in-
ovative solutions, the CO 2 system with 250 kW refrigeration ca-
acity uses six 100 m-deep boreholes for sub-cooling in summer
ime. An extra heat exchanger connected to the air handling unit
rovides also free cooling from the ground, whenever possible. The
tored heat is used in winter time as an extra heat source. A par-
llel compressor is used as the “heat pump compressor” to extract
nd upgrade the heat in winter. Heat recovery from the CO 2 sys-
em is considered as the primary heating source. The study showed
hat energy use is 23% less than the average energy use of the
00 benchmarked supermarkets after two years of operation, and
t was noted that optimization of the geothermal storage usage is
 key to achieve the target in the coming years. 
Skelton (2011) studied the impacts of geothermal storage on
he energy efficiency in a British supermarket. The supermarket
ses three identical CO 2 systems with 250 kW medium tempera-
ure level (MT) and 25 kW low temperature level (LT) cooling ca-
acity each, and in total about 1.1 MW rejected heat in summer
ncluding compressor power. The author claimed that in order to
ncrease the energy efficiency of the system, the trans-critical op-
ration should be avoided or shortened since it is not an efficient
peration mode. To shorten the operating hours of the systems
n trans-critical mode, fifteen 200 m-deep boreholes and 4 plate
eat exchangers are used to reject the heat to the ground in warm
limate conditions. A large air-cooled gas cooler is also installed
n parallel to the plate heat exchangers to ensure smooth perfor-
ance of the systems. The ground stored heat is used by five heat
umps to provide tap water and space heating demands. However,Please cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.oeat pumps are considered as the primary and only heating system
ven though it is a widely-accepted fact that CO 2 systems have ex-
ellent performance in heat recovery mode. The cost of two par-
llel and enormous heat rejection systems is another drawback of
his solution. However, it is claimed that the annual energy use is
5% less compared to a benchmark supermarket. The benchmark is
 similar sized store utilizing UK standard systems, i.e. air-cooled
O 2 refrigeration packs and gas boilers for heating. 
The idea of “preventing trans-critical operation by using the
round as heat sink” is also discussed by Leiper et al. (2014) . How-
ver, to prove the benefits of this idea, only cold-months operation
as been discussed, instead of warm climate operation. The bene-
ts of heat recovery from the refrigeration system is also neglected
n this paper. 
Ohannessian and Sawalha (2014) compared five cases of
eothermal storage and/or heat recovery implementation in CO 2 
ystems, with a reference system comprised of a CO 2 refrigeration
ystem and a separate heat pump. The authors concluded that a
O 2 system with heat recovery uses 8.1% less energy compared to
he reference energy solution. This saving increases to 11.4% for a
ystem with both heat recovery and thermal storage. 
Mands and Sauer (2008) investigated an integrated system
f a refrigeration system, ground storage, and a reversible heat
ump/AC system. The heat pump is used to provide heating in
inter and air conditioning in summer, replacing separate air con-
itioner and boiler systems. The ground in summer is used as
 “full heat sink” for the heat pump/AC and as a “partial heat
ink” for the refrigeration system. The refrigeration system uses a et al., Geothermal storage integration into a supermarket’s CO2 
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p  parallel air cooler as the condenser to cover the rest of waste heat
rejection. The stored heat is used as the heat pump heat source in
winter. Three ground covering scenarios of 65%, 30%, and 15% “par-
tial heat sink” are studied. It was determined that 16, 10, and 7
boreholes each 100 m deep are required, respectively. The payback
period of using this concept for three other scenarios has been cal-
culated using a conventional system as reference. The conventional
system is composed of separate refrigeration, air conditioning, gas
boiler space heating, and electric water heating systems. The stud-
ied three scenarios were “full heat rejection coverage by ground”,
“balanced stored energy in the ground” and “maximum heat recov-
ery”. The payback periods are calculated as 23, 16, and 18 years,
respectively, which are not reasonable values for energy efficiency
investments in supermarkets. 
A Wahlgreens Store in USA is designed to be the first net zero
store in the country. The main source of power is solar panels
on the roof. Among other innovations, the store has implemented
eight 150 m-deep boreholes to use in winter as heat source and
in summer as heat sink for sub-cooling a CO 2 trans-critical booster
system ( Cyclone, 2013 ). The CO 2 system is an integral solution pro-
viding all the thermal demands of the supermarket. The bench-
marking of the supermarket in Energy Star software showed 60%
reduction in annual energy use, about 200 MWh, compared to
450 MWh in conventional Chicago Wahlgreens stores. However, the
energy use has been reported to be about 290 MWh in the first
year of operation ( Robbins et al., 2015 ). 
The number of CO 2 systems with integrated geothermal storage
is increasing in Swedish supermarkets; this is according to com-
munications with the project partners, participation in Nordic re-
frigeration events, and distant access to web monitoring of recentPlease cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.oystem installations. The impact of this integration on energy ef-
ciency and the ground energy balance needs to be investigated
n details to ensure that these advantages are maintained during
he lifetime of the system. Using computer simulations, this paper
valuates the integration of geothermal storage into supermarket
O 2 trans-critical booster systems. In Section 2 of this paper, the
valuated systems are described and three different scenarios of
eothermal storage integration are presented in Section 3 . 
. Systems description 
The reference system in this study is a state-of-the-art (SotA)
O 2 trans-critical booster system. This system is abbreviated as
O 2 SotA hereafter. The features of this system have been dis-
ussed in detail by the authors in a previous research ( Karampour
nd Sawalha, 2018 ). In brief, a CO 2 SotA system provides all or a
ajor part of thermal demands in supermarkets. The CO 2 SotA sys-
em uses parallel compression to compress the flash gas vapour.
his system takes the advantage of flooded evaporation to run at
igh evaporation temperatures. As described in the previous re-
earch, flooded evaporation can be provided by liquid ejectors,
ump circulation, or internal heat exchangers. It has been shown
hat these features decrease the refrigeration annual energy use
AEU) of the standard CO 2 booster system by 15% both in cold and
arm climates ( Karampour and Sawalha, 2018 ). 
The CO 2 SotA is represented by the black lines in Fig. 1 . To sim-
lify and generalize, the specific method of flooded evaporation is
ot shown. The signal to the valves before the evaporators is mea-
ured at cabinet air return temperature, unlike the standard su-
erheat control. The CO SotA system presented in the previous2 
 et al., Geothermal storage integration into a supermarket’s CO2 
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esearch integrates space heating, tap water heating, and air con-
itioning functions into the refrigeration system. The energy effi-
iency of providing both heating and air conditioning demands by
O 2 SotA are either higher or comparable to efficient alternative
olutions, which further decreases the overall AEU for refrigera-
ion, heating, and air conditioning ( Karampour and Sawalha, 2018 ).
owever, air conditioning and tap water heating are not included
n this study, and not shown in Fig. 1 . The heat recovery is used
nly for space heating, which is the major heating demand in su-
ermarkets ( Polzot et al., 2017 ; Karampour and Sawalha, 2017 ). 
A feature which is evaluated less comprehensively in scientific
ublications to the best of authors’ knowledge, but is applied in
ome supermarkets, is geothermal storage integration. The design
oncept is to use the ground as a heat sink in summer and a heat
ource in winter. The schematic of a CO 2 SotA system and its in-
egrated geothermal storage system (represented by green lines) is
hown in Fig. 1 . The geothermal sub-cooler is located after the gas
ooler and provides sub-cooling in the warm summertime. Heat
s stored in the ground during this season and an extra evapo-
ator (Geothermal Heat Extractor in Fig. 1 ) is used to extract the
eat from the ground during winter. The extracted heat is then
pumped” by the compressors to provide heat in the heat recov-
ry de-superheater. 
The extracted heat can be added at either the P MT level and
ompressed by high stage compressors or at P rec level and pro-
essed by parallel compressors. In the case of heat extraction at
 rec level, the expansion valve before the geothermal heat extrac-
or is fully open and the exit line is connected to the receiver.
oth methods have been applied in field installations in Sweden
 Mateu-Royo, 2017 ) and are evaluated in this paper. 
Another option to extract and use the stored heat from the
round in winter is by running the CO 2 system in floating condens-
ng mode with minimum condensing temperature of 10 °C, i.e. low-
st pressure possible, and use a separate ground source heat pump
GSHP) to provide the supermarket’s heating demand. A schematic
f this system, designated as “hybrid” in this paper, is shown in
ig. 2 . 
. Research scenarios 
The integration of geothermal storage into a CO 2 system is eval-
ated for three integration scenarios. The research questions for
ach scenario are: Please cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.oS1(S is short for Scenario) – Does geothermal storage integra-
tion decrease the annual energy use (AEU) of the CO 2 refrig-
eration system in a stand-alone average size supermarket?
In this scenario, the AEU of the CO 2 systems with full heat
recovery and without geothermal storage (referred to as S1a)
and with geothermal storage (S1b) are compared. S1a and
S1b are visualized in Fig. 3 , where all the integration scenar-
ios are also visualized. 
S2 – Does geothermal storage integration decrease the total
running cost of a coupled system of a supermarket and a
neighboring consumer of space heating energy? The first
case in this scenario (S2a) is the reference without coupling,
it consists of two separate energy systems of a supermarket
that recover all its heating needs and a neighboring facility
that buys its heating needs from district heating network.
The second case (S2b) couples the supermarket and neigh-
bor energy systems by integrating the geothermal storage,
and providing the entire heating demands of the two build-
ings by heat recovery from the refrigeration system. 
S3 – Does geothermal storage integration and usage of a sep-
arate ground source heat pump (GSHP) decrease the AEU
compared to a stand-alone supermarket with CO 2 refriger-
ation system (compared to S1a)? In the third scenario of
geothermal integration (S3), the ground is used for sum-
mer sub-cooling of the refrigeration system and a separate
ground source heat pump (GSHP) is used in winter to ex-
tract the stored heat and provide the supermarket heating
demand. 
Summary of the research scenarios is the following: 
S1a: Stand-alone supermarket with full heat recovery and with-
out geothermal storage 
S1b: Stand-alone supermarket with full heat recovery and with
geothermal storage 
S2a: Stand-alone supermarket with full heat recovery and
stand-alone neighboring building buying heat from district
heating (i.e. no coupling) 
S2b: Supermarket with geothermal storage coupled to neigh-
boring building where all heating needs of the supermarket
and the neighboring building are recovered from the refrig-
eration system 
S3: Stand-alone supermarket with ground source heat pump
and geothermal storage; i.e. no heat recovery from the re-
frigeration system  et al., Geothermal storage integration into a supermarket’s CO2 
rg/10.1016/j.ijrefrig.2019.05.026 
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Fig. 4. Stockholm temperature-bin hour profile, extract from Meteonorm 















































e  While studying these three scenarios, the proper heat recovery
control strategy and sizing of the required borehole field have been
addressed, as well. 
4. Modeling details 
4.1. Boundary conditions and assumptions 
4.1.1. Thermal loads 
The cooling demands and refrigeration boundary conditions are
based on field measurements of five Swedish supermarkets using
CO 2 as the refrigerant ( Sawalha et al., 2015 ). Some parameters are
updated according to a previous research study on the characteris-
tics of the SotA CO 2 systems ( Karampour and Sawalha, 2018 ). 
Medium temperature cooling demand is assumed to be 200 kW
at 35 °C and decreases linearly to 100 kW at 10 °C, below which
the demand remains constant. Low temperature cooling demand
is approximately constant through the entire year and assumed to
be 35 kW. Medium and low stage evaporation temperatures of the
CO 2 SotA are −4 °C and −29 °C, respectively. These temperatures
are about 3–4 °C higher than the typical evaporation temperatures
in standard CO 2 systems, according to the modeling ( Karampour
and Sawalha, 2018 ) and field observations ( Minetto et al., 2014b ).
As discussed in the introduction section, the reason is taking ad-
vantage of the flooded evaporation. 
Heating demand is obtained by the program CyberMart for a
medium-sized supermarket in Sweden. CyberMart is a tool to cal-
culate energy demands and use in supermarket buildings. Detailed
descriptions and the calculation procedure of the program can be
found in Arias (2005) . 
The main heating demand in supermarkets is space heating,
which starts at the ambient-temperature set-point of 10 °C. Based
on CyberMart calculations, the heating demand is estimated to
be 40 kW at 10 °C ambient temperature and increases linearly to
190 kW at −20 °C ambient temperature. Water return temperature
from the heating system is assumed to be 30 °C. 5 K approach tem-
perature is assumed between the water return temperature and
the refrigerant in the condenser of the separate GSHP, or the de-
superheater in the case of heat recovery from the refrigeration sys-
tem. The heating demand and temperature requirements of the
neighboring building are assumed to be the same as the super-
market. 
As space heating is the major heating demand in supermarkets,
the tap water heating demand is neglected in this study. 
4.1.2. Control strategy 
The system runs in the floating condensing mode in the
summer. The discharge pressure (condensation temperature)
follows the ambient temperature in sub-critical condition with
an approach temperature of 7 K. The discharge pressure follows
an optimum discharge pressure control for max COP in super-
critical conditions with an approach temperature of 3 K. The
optimum pressure P opt, gc [bar] is a function of the gas cooler exit
temperature T gc, exit [ °C], as follows ( Sawalha, 2008 ): 
P opt,gc = 2 . 7 ∗T gc,exit − 6 (1)
The standard CO 2 system uses a flash gas by-pass expansion
valve to direct the vapour from the receiver to the suction line
of the high-stage compressors. The standard CO 2 system schematic
is similar to that of CO 2 SotA in Fig. 2 but without the parallel
compressor. The CO 2 SotA system uses parallel compression (PC)
to remove this vapour at higher pressure than that of the medium
temperature cabinets; about 3 bar higher ( Karampour and Sawalha,
2017 ). It is assumed that PC is activated for ambient temperatures
higher than 13 °C. This value is selected based on field measure-
ment observations where PC is activated in the range of 10–15 °C. Please cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.oHeating starts at an ambient temperature of 10 °C and contin-
es for ambient temperatures lower than this set-point. The heat-
ng season is called winter mode in this paper and the rest is sum-
er mode. Stockholm climate is used for the climate in this paper;
tockholm ambient temperature-bin hours are applied to represent
his climate condition and is shown in Fig. 4 . 
The heat recovery control strategy in winter follows the recom-
endations presented by Sawalha (2013) . In brief, the recommen-
ation consists of a stepwise control strategy, as shown in Fig. 5 . In
he first step, the gas cooler pressure P gc is regulated and the gas
ooler fans are operated at their highest speed to maintain a gas
ooler exit temperature ( T gc, exit ) as low as possible, with a mini-
um value of 5 °C. In the second step, the gas cooler pressure P gc 
s fixed at a maximum value for high efficiency P opt,gc, max and the
as cooler capacity is decreased by reducing the fans’ speed. This
ressure value is based on the following correlation, similar to Eq.
1) but with the de-superheater exit temperature T dsh, exit as the
ndependent variable. 
 opt,gc,max = 2 . 7 ∗T dsh,exit − 6 (2)
T dsh, exit is equal to 35 °C in this paper. During step 2 the fan
peeds are reduced, which causes T gc, exit to increase. 
Step 3 is the last efficient heat recovery step; all fans are
witched off, the gas cooler is by-passed (in order to avoid even
atural convection), and the gas cooler exit temperature is equal
o the de-superheater exit temperature; 35 °C. 
An inefficient method of harvesting more heat from the CO 2 
ystem is accomplished by increasing P gc to higher pressures (step
 in Fig. 5 ), but this results in a sharp decrease in COP HR , as dis-
ussed by Sawalha (2013 ). The reason for reaching this step at very
ow outdoor temperatures (about −23 °C here) is the relatively low
eating demand in an average size supermarket. In case of a su-
ermarket with heating demand larger than the one used in this
tudy (for example, for a hypermarket), the outdoor temperature
t which step 4 will be reached will be higher than in this plot. 
.1.3. Geothermal storage and GSHP hybrid solution 
Simulations for the ground heat exchanger have been per-
ormed for Stockholm conditions; therefore, the ground proper-
ies used for the borehole design are rock thermal conductiv-
ty = 3.1 W m −1 K −1 , volumetric heat capacity = 2.16 MJ m −3 K −1 ,
nd ground surface temperature = 6.6 °C ( Acuña, 2013 ). 
As the most conventional GSHP secondary fluid in Europe
 Ignatowicz et al., 2017 ), an aqueous ethanol solution of 24%
eight concentration is used as the heat-carrier fluid for the
eothermal loops. It has a freezing temperature of −14.6 °C; how-
ver, its operating temperature T f is restricted to the range of −5 °C
o + 20 °C. The flow rate is 0.5 l s −1 per borehole, which is constant
uring the entire operation. The boreholes uses single U-tube heat
xchangers and their depth varies in the 150–200 m range. The et al., Geothermal storage integration into a supermarket’s CO2 
rg/10.1016/j.ijrefrig.2019.05.026 
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ump power is assumed to be 5% of the GSHP compressor elec-
ricity use. This is roughly in the same order of magnitude as pre-
ented by Kavanaugh and Kavanaugh (2012) . 
The GSHP uses R407C as the working fluid, with a heating ca-
acity of 200 kW. The evaporator has a capacity of 150 kW. Both
he evaporator and the condenser have a 5 K approach temper-
ture with their heat exchanging fluids. The condensation tem-
erature is fixed to 35 °C (i.e. fixed 30 °C water return tempera-
ure from the heating system), which is a similar condition for a
O 2 heat recovery de-superheater. The evaporator has an approach
emperature of 5 K with the secondary fluid and 10 K internal
uper-heating. 
.2. Energy efficiency calculations 
A computer model developed using EES (Engineering Equation
olver) software ( Klein, 2015 ) is used to analyze the performance
f the CO 2 SotA and GSHP systems. 
Mass flow rates in the MT cabinets and LT freezers are calcu-
ated using equation below: 
˙ 
 = ˙ m re f . h heat exchanger (3) 
here ˙ Q [kW] is the cooling load in the MT cabinets ( ˙ Q MT ) or LT
reezers ( ˙ Q LT ). ˙ m re f [kg s 
−1 ] is the refrigerant mass flow rate and
h heat exchanger [kJ kg 
−1 ] is the enthalpy difference across the heat
xchangers. 
Knowing the mass flow rates in the different lines of the sys-
em, compressor electricity use ˙ E comp [kW] in MT, LT, and parallel
ompressors are calculated using equation below: 
˙ 
 comp = 
(
˙ m re f . h is 
)
/ ηtot (4) 
here ηtot is the overall efficiency of the compressors, and h is 
kJ kg −1 ] is the isentropic enthalpy difference over each compres-
or unit. Compressor commercial datasheets are used to obtain the
otal efficiency of the compressors as a quadratic function of dis-
harge to suction pressure ratios (PR); “a.PR 2 + b.PR + c” ( BITZER,
017 ). The coefficients a, b, and c are equal to −0.079, 0.346,
nd 0.204, respectively, for LT compressors. These coefficients are
0.0 065, −0.0 03, and 0.726 for MT and parallel compressors. 
The calculation method is described in authors’ previous re-
earch ( Sawalha et al., 2015 ). In brief, mass flow rate is calculated
ccording to Eq. (3) as the cooling capacity and thermodynamicPlease cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.oycle boundaries are known. Subsequently, Eq. (4) is used to calcu-
ate the total efficiency. 
The total electricity use ˙ E tot [kW] of the system is calculated
ased on Eq. (5) : 
˙ 
 tot = ˙ E MT + ˙ E LT + ˙ E PC + ˙ E fan + ˙ E GEO,pump (5) 
here ˙ E MT , ˙ E LT , and ˙ E PC [kW] are the electricity use of the three
ompressor units. ˙ E fan [kW] is the electricity use of the gas cooler
ans. ˙ E fan is estimated to be 3% of the heat rejected in the gas
ooler ˙ Q gc [kW], according to communication with a major CO 2 
as cooler manufacturer. This assumption has the same order of
agnitude as in some other research works including Tsamos
t al. (2017 ) and Lozza et al. (2007 ). ˙ E GEO,pump is the pump elec-
ricity used to circulate the secondary fluid, which is estimated to
e approximately 5% of the extra evaporator capacity in winter or
eo sub-cooler capacity in summer. This assumption is an estima-
ion based on indirect loops presented by Sawalha et al. (2017) . 
Heat recovery COP ( COP HR ) of the CO 2 SotA system is defined
s: 
O P HR = 
˙ Q HR 
( ̇ E tot − ˙ E tot, f c ) 
(6) 
˙ Q HR [kW] is the amount of recovered heat, ˙ E tot [kW] is the to-
al electricity use calculated from Eq. (5) , and ˙ E tot, f c [kW] is the
mount of electricity use if the system is not controlled for heat
ecovery and is operated in floating condensing mode with mini-
um condensing pressure in winter. 






˙ E tot,i . f i 
)
(7) 
here ˙ E tot [kW] is the total electricity use calculated from Eq. (5) ,
 is the number of temperature-bin hours, and f is the frequency,
.e. number of hours, of each temperature bin. 
The calculations for the geothermal storage and its borehole
eld design are performed using Earth Energy Designer (EED) soft-
are ( Blomberg et al., 2017 ; Hellström and Sanner, 1994 ). EED
valuates the secondary fluid temperature evolution in a spe-
ific borehole arrangement based on imposed heating and cooling
oads. Two major options are available in this software:  et al., Geothermal storage integration into a supermarket’s CO2 
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1) Loads and secondary fluid temperature constraints are defined,
and the optimized borehole heat exchanger geometry, array,
and configuration which satisfy these constraints in the lifetime
period of the system are determined. 
2) Loads and borehole geometry are defined, and the evolution of
the secondary fluid temperature in the lifetime of the system is
calculated. 
The first option has been adopted in this study. The monthly
heat stored (summer sub-cooling) and heat extracted (winter heat
pumping) are input to the EED software. The first estimation in
EED is based on an assumed constant amount of sub-cooling in
EES. Using the defined secondary fluid temperature range, the op-
timized geometry and fluid temperature as a function of time of
the year are calculated in EED. This function is correlated to am-
bient temperature and used as a new variable sub-cooling amount
in the EES code. The ground loads in winter and summer are then
calculated again in EES. This iterative process between EES and
EED is repeated to find an accurate match between EES and EED
results. 
5. Results and discussion 
The following sections include results for different geothermal
storage arrangements for the three research scenarios presented in
Section 3 and Fig. 3 . 
5.1. S1-stand-alone supermarket 
The first research scenario compares a CO 2 refrigeration system
without (S1a) and with (S1b) geothermal storage in a stand-alone
supermarket. The performance of eight system arrangements, or
designs, have been calculated in this research scenario. 
1. S1a (reference): the system has no geothermal storage and
heat recovery through its de-superheater is used to provide the
space heating demand in the supermarket building. 
2. Sub-cooling in the summer (SC summer): The system is simi-
lar to the reference case in winter (i.e. no heat extraction from
the ground) but uses geothermal sub-cooling in summer. This
case is shown as “S1b: SC summer” in Fig. 6 . The method to
calculate the amount of sub-cooling is described further in the
text. Fig. 6. Annual energy use [bars-left y -axis] and savings [dots-r
Please cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.o3. Sub-cooling in summer and heat extraction from the ground
in winter (SC summer + winter ˙ Q ex , as presented in Fig. 1 ): six
cases are studied; three cases of heat extraction at P MT level,
and three cases of heat extraction at P rec level. System perfor-
mance is examined for three levels of extra evaporator capacity
˙ Q ex : 40, 80, and 120 kW. These values are based on the rea-
sonable capacity that could be provided by the installed com-
pressors; no additional compressors are needed. The high stage
compressors are designed to provide 250 kW capacity in the
warmest summer days for MT and LT refrigeration, while in
winter about half of this capacity is assumed to be required,
based on field observations. This is because the compressors
typically run in the summer time to extract vapor from the re-
ceiver but are switched off partly during the winter. The control
strategy to extract the heat from the ground is explained later
in this section. 
The amount of sub-cooling for cases S1(b) is calculated based
n an iterative calculation process between EES and EED. First, a
onstant amount of 5 K sub-cooling is assumed. The amount of
onthly stored heat in the ground due to this sub-cooling is calcu-
ated in EES. These monthly load profiles are input to EED. The an-
ual evolution of secondary fluid temperature is calculated in EED.
n the second round of EES calculations, sub-cooling is variable
nd a function of variable secondary fluid temperature out from
he ground, with 3 K approach temperature. This iteration is re-
eated until the difference between two rounds of secondary fluid
emperature calculation gets minimal, less than 0.2 K. The calcu-
ated amount of sub-cooling is up to 15 K; this results in a sub-
ooler design capacity of about 60 kW at warmest summer outdoor
emperature. 
These six cases are shown as following in Fig. 6: 
• S1b: SC + 40 kW Q_ex_MT 
• S1b: SC + 80 kW Q_ex_MT 
• S1b: SC + 120 kW Q_ex_MT 
• S1b: SC + 40 kW Q_ex_rec 
• S1b: SC + 80 kW Q_ex_rec 
• S1b: SC + 120 kW Q_ex_rec 
System performance in terms of AEU [MWh] (presented as
ars) and AEU decrease [%] (presented as dots) for the eight ar-
angements is presented in Fig. 6 . ight y -axis] compared to the reference case for S1 cases. 
 et al., Geothermal storage integration into a supermarket’s CO2 
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Table 1 
Monthly sub-cooling loads [MWh] and secondary fluid mean temperature T f [ °C]. 
Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec 
Load [MWh] 0.00 0.00 0.21 2.12 8.19 14.94 22.92 20.86 9.37 2.48 0.26 0.00 
T f –Year 1 8.55 8.55 8.58 8.89 9.91 11.1 12.5 12.4 10.6 9.51 9.1 9.01 
T f –Year 5 9.65 9.63 9.63 9.91 10.9 12.1 13.5 13.3 11.6 10.4 9.98 9.86 
T f –Year 10 10.2 10.2 10.2 10.5 11.5 12.6 14 13.9 12.1 10.9 10.5 10.4 
T f –Year 15 10.6 10.5 10.5 10.8 11.8 13 14.4 14.2 12.4 11.3 10.8 10.7 
Table 2 
Annual energy use AEU [MWh] and annual ground thermal balance [MWh] as functions of heat extraction activation temperature. 
Heat extraction activation 
when T amb is lower than 
AEU [MWh] Annual ground thermal balance [MWh] Winter heat extraction [MWh] Summer sub-cooling [MWh] 
10 546.6 327.4 413.8 −86.4 
5 520.1 196.1 282.5 −86.4 
0 485.8 48.2 134.6 −86.4 
−5 459.4 −53.2 33.2 −86.4 









































































d  As shown in Fig. 6 , geothermal sub-cooling in summer can pro-
ide about 3.5% AEU saving compared to the reference system.
owever, if the number of boreholes is not sufficient, the ground
ill not be cold enough after few summers to be used as an effi-
ient heat sink. For instance, the results of modeling in EED shows
hat 12 boreholes each 200 m deep are required to keep the sec-
ndary fluid temperature lower than 15 °C during a 15-year life-
ime of the system. The sub-cooling loads (for ambient tempera-
ures higher than 10 °C) and the secondary fluid mean temperature
 f [ °C] are shown in Table 1 . 
To study the winter heat extraction effect on AEU saving in the
atter six cases, various heat extraction starting points have been
tudied by computer simulations; i.e. the ambient temperature at
hich the heat extraction from the ground should be started. The
esults indicate that only at ambient temperatures below 0 °C is
t beneficial to extract heat from the ground. “Beneficial” is a com-
romise between energy efficiency and ground thermal energy bal-
nce in summer-winter. A comparison of annual energy use and
round thermal balance for different heat extraction ambient tem-
eratures is summarized in Table 2 . The ground thermal balance
s the absolute difference between winter heat extraction (positive
alues) and summer sub-cooling (negative values), and it is pre-
erred to be minimum. Based on these calculations, in scenario S1,
he ground heat extraction is set to be activated for ambient tem-
eratures lower than −5 °C. 
The savings for these six cases that employ geothermal stor-
ge the entire year are less than 3%, as shown in Fig. 6 . Compared
o the “SC summer” case (3.5%), this implies that heat recovery in
he geothermally integrated CO 2 systems has negative impact on
nergy saving; i.e. not as efficient as heat recovery in the stand-
lone CO 2 system, referred to as S1a in this paper. The reason that
hese six cases are annually 0.5–3% more efficient than S1a, ac-
ording to Fig. 6 , is the sub-cooling in summertime. 
To understand why heat recovery in the integrated solution
s not as efficient as the stand-alone CO 2 system S1a, COP HR 
f the CO 2 refrigeration system without geothermal connection
 COP HR, S 1 a ) is compared to the heating COP of the geothermal
eat extraction only ( COP HR, GEO ) system. In COP HR, S 1 a there is no
eothermal connection and the only heat source is the refrigera-
ion load. In COP HR, GEO the extracted heat is added to the refrig-
ration load while the system control is the same as in S1a; thus,
he sole effect of the geothermal heat extraction is calculated. In
his way the system is seen as a heat pump extracting heat from
he ground and supplying heat via the de-superheater. COP HR, S 1 a 
s calculated using Eq. (6) . As shown in Eq. (8) , COP HR, GEO is de-
ned as the ratio of the amount of recovered heat ˙ Q HR,ex [kW] (by
he addition of the extra heat source) to the amount of extra elec-Please cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.oricity use in compressors, pumps, and gas cooler fans ˙ E tot,ex [ kW ] .
eat is recovered from the de-superheater as demonstrated by the
rocesses shown in the P –h diagram in Fig. 7 . 
O P HR,GEO = 
˙ Q HR,ex 
˙ E tot,ex 
(8) 
Fig. 7 shows an example of 80 kW ground heat extraction and
he recovered heat for different operating gas cooler pressures P gc .
t can be observed in the process plot in Fig. 7 that only a small
art of the heat added in the geothermal heat extractor is available
s useful heat recovery from the de-superheater and the rest is re-
ected through condenser/gas cooler to the ambient. This results in
ow COP HR , GEO at relatively low discharge pressures (high T amb , low
eating demands), which can be observed in the COP comparison
lot in Fig. 8 . 
Geothermal heat extraction can be executed at two pressure
evels, either at the pressure level of the medium temperature cab-
nets ( P MT ) or at the receiver pressure ( P rec ). COP HR , GEO data at both
ressure levels are presented in Fig. 8 . The difference in COP HR , GEO 
t P MT and P rec is negligible due to high MT evaporation temper-
tures in CO 2 SotA systems. As mentioned earlier, COP HR, S 1 a in
ig. 8 is the heat recovery COP of S1a calculated according to
q. (6) . 
Looking at the values in Fig. 8 it should be pointed out that the
ystem is not expected to operate for many hours at very low out-
oor temperatures; however, the temperature range has been ex- et al., Geothermal storage integration into a supermarket’s CO2 
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Fig. 8. Heat recovery COP for CO 2 stand-alone COP HR, S 1 a and CO 2 ground-coupled systems at MT pressure level COP HR, GEO @ P MT , and receiver pressure level COP HR, GEO @ P rec . 



















































s  tended in this analysis to unexpectedly low outdoor temperatures
in order to increase the heating demand in the building and show
the limits of the refrigeration system to recover heat. 
It can be observed in Fig. 8 that COP HR, GEO exceeds
COP HR, S 1 a when the gas cooler is fully by-passed. This is the
point where further increase in the discharge pressure beyond the
maximum value for high efficiency results in a sharp decrease
in COP HR (i.e., the fourth step in the control strategy explained
in Section 4.1.2 ). It can be concluded from the COP HR data in
Fig. 8 that heat extraction from the ground is great advantage to
the system when the gas cooler is fully by-passed at relatively low
outdoor temperatures; i.e. high heating demand. 
In an average size supermarket in Sweden, which has been as-
sumed in this study, the refrigeration load is able to cover the
space heating demand with relatively high COP for outdoor tem-
peratures higher than −24 °C, the only need for heat extraction
from the ground at higher temperatures is to reduce the ground
temperature to allow for sub-cooling of the refrigeration sys-
tem during the summer. However, in supermarkets/hypermarkets
with larger heating demands compared to the studied super-
market, the gas cooler is fully bypassed at higher ambient
temperatures. 
This step of extracting heat from the ground can replace less
efficient step 4 in the heat recovery control strategy, discussed
in Section 4.1.2 and Fig. 5 . The efficient way to reclaim more
heat is achieved by activating the heat extraction from the ground
while keeping P gc and T gc, exit at their maximum values, as in
step 3. Please cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.o.2. S2-integrated supermarket 
A comparison of “separate supermarket and district heat-
ng consumer” systems (S2a) with “integrated supermarket,
eothermal system and district heating consumer” (S2b) is con-
idered in the second research question. This case of close dis-
ance between these two facilities (a supermarket and a district
eat consumer) is quite common, for example, when the super-
arket is located inside a larger shopping mall. The consumer is
ssumed to have the same heating demand profile as the super-
arket. Since the heat and electric energies are of different types,
eparate and integrated solutions are compared based on the an-
ual cost for purchasing the two types of energies to cover the re-
rigeration and heating demands. Two scenarios for energy prices
re compared: (1) relatively high electricity price and low district
eating price, and (2) low electricity price and high district heat-
ng price. Price values are based on the Swedish market ( SCB, 2017 ;
nergimyndigheten, 2018 ). 
For case S2b the heat is extracted at P MT level through an 80 kW
eat exchanger. The heat extraction is activated for ambient tem-
eratures lower than −5 °C. The sub-cooling in summer time is
ssumed variable and as a function of secondary fluid tempera-
ure. The difference between case S2b and case “S1b: SC + 80 kW
_ex_MT” is that heating demand is twice for S2b since the CO 2 
ystem provides heating both to the supermarket and the adjacent
uilding. 
A comparison of the annual running cost for the two different
cenarios is shown in Fig. 9 . Depending on energy prices, the in- et al., Geothermal storage integration into a supermarket’s CO2 
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Fig. 10. Monthly heat extraction Q ex , sub-cooling Q sc , and average ambient tem- 
perature. (For interpretation of the references to color in this figure, the reader is 
















egrated solution produces annual running cost savings of 19–31%.
he integrated solution offers lower heating cost for the consumer
nd provides some profits to the supermarket due to the winter
ime heating sale and summer time sub-cooling. Considering the
resent energy prices and heating COP of the CO 2 system, there is
 good margin of savings where the supermarket can charge the
eighboring building for heat and still be profitable for both su-
ermarket and the neighboring building. This can be considered as
 good business opportunity for the supermarket owners. 
In the overall system design phase, this savings should be com-
ared with the cost of geothermal storage and systems integration.
n the following sub-section, the borehole heat exchanger is de-
igned for this integrated solution. In addition, the payback time
or the integrated concept is calculated based on the energy and
eothermal storage costs. 
.2.1. Borehole design 
The borehole field for the above-mentioned integrated solution
an be designed based on the assumed system configuration, siz-
ng, and performance. The configuration of the CO 2 system is de-
icted in Fig. 2 . The extra evaporator is assumed to have 80 kW
apacity, and heat is extracted at P MT level. The sub-cooling in
ummer is provided by a 60 kW sub-cooler (design capacity), and
he variable amount of sub-cooling, which depends on the ambient
nd ground temperatures, is considered in the design. 
The monthly extracted heat from the ground (blue) and injected
eat to the ground (red) are shown in Fig. 10 . As mentioned earlier,
hese energies are iteratively calculated using EES and EED. 
The secondary fluid mean temperature T f [ °C] and specific heat
xtraction rate [W m −1 ] fluctuations for a 15-year lifetime of the
nergy system are shown in Fig. 11 . Negative values for the ex-
raction rate indicate heat injection to the ground in summer. In
ddition to these variables, the secondary fluid temperatures at
eak maximum and minimum loads are shown. As shown, T f 
aries between −1 °C and 19 °C within the design criteria of −5 °CFig. 11. Secondary fluid temperature and heat ex
Table 3 
Design optimization for shortest total length of boreholes. 
Number of boreholes Type Spacing [m] Depth [m]
12 3 × 4 rectangle 10 159 
12 3 × 4 rectangle 9 160 
12 6 × 4 U-configuration 6 161 
15 7 × 5 U-configuration 5 131 
14 4 × 6 U-configuration 6 139 
15 7 × 5 U-configuration 5 130 
12 3 × 5 open rectangle 7 161 
14 4 × 6 U-configuration 6 139 
Please cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.oo + 20 °C. This performance has been achieved by optimizing the
eometry of the borehole field. 
The number of boreholes to have reasonable ground energy bal-
nce is calculated to be 12, in a 3 × 4 rectangular arrangement,
ith 10 m spacing, and an approximate depth of 159 m. This de-
ign results in a total length of 1908 m. This design is based on
ptimizing the borehole array for the shortest total length; a list
f the designs with shortest total length is summarized in Table 3 .
he total cost of borehole drilling and the U-tube heat exchanger
s approximately 25 €/m in Sweden, according to personal commu-
ications with industrial experts and the weblog ( Kostnadguiden,
017) . Thus, the total cost for the desired borehole heat exchanger
s 47.700 €. This cost can be compared with the amount of annual
unning cost saving, presented in the previous section, to calculate
he payback time. traction fluctuations for a 15 year period. 
 Total length [m] Land area [m 2 ] Length [m] Width [m] 
1908 600 30 20 
1920 486 27 18 
1932 540 30 18 
1965 600 30 20 
1946 540 30 18 
1950 600 30 20 
1932 392 28 14 
1946 540 30 18 
 et al., Geothermal storage integration into a supermarket’s CO2 
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q  The payback time for nine different ener gy price ratios (electric-
ity to heating) compared to the geothermal storage cost is shown
in Fig. 12 . The three electricity prices considered are 0.1, 0.12, and
0.14 € kWh −1 and the three heating prices are 0.06, 0.08, and
0.1 € kWh −1 , resulting in nine combinations/points in Fig. 12 . The
energy price ratios for Sweden are presently in the range of 1.2–
1.7 ( SCB, 2017 ) ( Energimyndigheten, 2018 ) where the payback pe-
riod ranges between 1.7 and 3.5 years. This is the payback time to
return the installation investment of geothermal storage borehole
array. The short payback time over a wide range of electric to heat
energy price ratios makes the geothermal storage integration a
viable solution for efficient supermarkets with reasonable payback
time for present energy prices. 
To conclude this section, it should be noted that the inte-
grated concept is beneficial both for the supermarket owner and
the neighboring consumer facility. The extra heat from the super-
market can also be sold to a district heating network; these bene-
fits and limitations of this design concept are studied by Adrianto
et al. (2018) . 
5.3. S3-hybrid solution 
The third research question compares stand-alone CO 2 (S1a)
and “hybrid CO 2 + GSHP” (S3) systems. As mentioned earlier, the
entire supermarket heating demand is provided by heat recovery
from the CO 2 system in a stand-alone supermarket. However, the
heat demand in the supermarket with the hybrid solution is pro-
vided by the GSHP. The ground is the heat source for the GSHP in
winter while the refrigeration system runs at floating condensing
mode (i.e. no heat recovery), the ground is also the heat sink for
the CO 2 sub-cooler in summer. The sub-cooling variable amount in
the hybrid system is assumed to be similar to case “S1b: SC sum-
mer” in the first scenario S1. The heat extraction from the ground
is activated for ambient temperatures lower than 10 °C as the en-
tire heating is provided by GSHP. 
Similar to Section 5.2 , EED and EES calculations are used to
evaluate AEU and to size the borehole field. Performance compar-
isons of the two systems in terms of AEU on a seasonal and annual
basis are shown in Fig. 13 . The hybrid system consumes about 8%Please cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.oess electricity than the stand-alone CO 2 system in summer, thanks
o the geothermal sub-cooling. On the other hand, the winter en-
rgy use of the stand-alone system is approximately 5% less than
he hybrid system. These seasonal energy use effects counterbal-
nce, and the hybrid system is only 2% more efficient than the
tand-alone CO 2 system annually. 
To understand why the GSHP heat supply is less efficient than
O 2 heat recovery, the heating COP of the GSHP has been added
o Fig. 8 and is presented in Fig. 14 . The heating COP of the GSHP
 COP 1, GSHP ) is shown to be less than the heat recovery COP of the
O 2 system ( COP HR , S 1 a ) at ambient temperatures below 0 °C. 
The borehole field design for the GSHP has been conducted
n a manner similar to Section 5.2.1 procedure. Since the entire
eat demand is provided by the GSHP, the winter load on the
round has a higher order of magnitude than the summer heat
njection load. This imbalance results in a 24-borehole 160 m-
eep field design, which is much higher compared to a CO 2 sys-
em where heat recovery is prioritized to heat extraction. This
arge number of boreholes is required to guarantee a thermally
alanced borehole field over the lifetime of the system. The pay-
ack time for such a large bore field is estimated to be more
han 7–8 years, which is due, in part, to the expense of a re-
uired large heat pump of about 200 kW heating capacity, in ad- et al., Geothermal storage integration into a supermarket’s CO2 
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ition to the borehole drilling and pipe heat exchanger installa-
ion. To sum up, an integrated ground source heat pump and CO 2 
ystem is not economically favorable over the stand-alone CO 2 
ystem. 
. Conclusions 
The effect on energy use due to geothermal storage integration
nto a SotA CO 2 supermarket refrigeration system has been investi-
ated, using Stockholm climate conditions. Three different research
uestions related to different integration scenarios are studied. The
rst scenario, S1, considers integration of geothermal storage and
O 2 systems in a stand-alone supermarket. In the second scenario,
2, the heat from a ground-coupled CO 2 system is supplied to
 nearby consumer who is buying heat from the district heating
etwork. The third scenario, S3, considers an integration of CO 2 ,
eothermal storage, and a ground source heat pump (GSHP). In
ases where savings in annual energy use (AEU) can be achieved,
he borehole field design is also discussed. Considering borehole
eld installation and energy costs, a basic economic analysis of this
echnology payback time is also performed. 
The results show that heat recovery from a stand-alone CO 2 
otA system, S1a, is more efficient than providing part of the heat-
ng demand from the ground at medium or receiver pressure level,
1b. The results in this scenario also show that the addition of
eat from the ground is especially beneficial when the gas cooler
s fully by-passed, which is the ultimate step in the heat recovery
ontrol strategy where the heating demand is very high. However,
ub-cooling the CO 2 system in the summer with the ground can
ave approximately 4% of the AEU. 
The analysis of the second scenario, S2, indicates that annual
unning cost of a separate supermarket and district heating con-
umer (S2a) can be decreased by 19–31% if the systems are cou-
led, geothermal storage is applied, and the supermarket provides
eating for the consumer (S2b). The parametric study shows that
ith current energy prices, the integrated solution can produce a
ayback time of less than 3.5 years. 
The investigation of the hybrid solution, S3, which couples a
O 2 system, geothermal storage, and a separate GSHP, shows that
pproximately 2% of the AEU can be saved compared to a stand-
lone CO 2 system. The savings are due to summer sub-cooling, the
ystem uses more energy in the winter compared to the reference
1a system with heat recovery. However, the demand for a large
orehole field and a large heat pump makes the payback time un-
easonably long and the solution is not economically feasible. Please cite this article as: M. Karampour, C. Mateu-Royo and J. Rogstam
refrigeration system, International Journal of Refrigeration, https://doi.oIn summary, geothermal storage integration into a CO 2 super-
arket refrigeration system does not have a significant impact on
nergy use in the case of a stand-alone average size supermarket.
or a supermarket combined with a neighboring building/facility,
eothermal storage integration can contribute to significant run-
ing cost savings compared to separate systems running costs. The
pplication of a separate GSHP is also not recommended as heat
ecovery from the CO 2 system is more efficient than this system.
he CO 2 SotA is an efficient heat pump, with built in large heat
ource, i.e. refrigeration load. This load is the primary heat source
nd if more heat is required the ground storage can be used as the
econdary heat source for the CO 2 SotA as a heat pump. 
. Limitation and future work 
This paper evaluates the impact of geothermal storage integra-
ion into supermarket CO 2 refrigeration system. The study is ful-
lled using computer simulations. The inputs to the model are
artly based on field measurements analysis presented in authors
revious research works. However, access to valid and sufficient
easurements and processing this data is a time-consuming and
hallenging work; a report of insufficient instrumentations in 10
eothermal-integrated supermarkets reflects this challenge ( Mateu-
oyo, 2017 ). Proper instrumentation will help adopting more field-
ased assumptions input to the simulations, and also performing
omprehensive field measurement analysis. 
As part of an ongoing project started 2019, this research team
ill be involved in design, instrumentation, data collection and
easurements analysis of a CO 2 state-of-the-art system. Depend-
ng on size and heating demands of the supermarket, geothermal
torage integration will be studied. 
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